I analyzed various families of ribosomal proteins obtained from selected species belonging to the genus Pseudomonas sensu stricto and allied organisms which were previously classified in the genus Pseudomonas. Partial amino acid sequencing of L30 preparations revealed that the strains which I examined could be divided into three clusters. The first cluster, which was assigned to the genus Pseudomonas sensu stricto, included Pseudomonas aeruginosa, Pseudomonas putida, Pseudomonas mendocina, and Pseudomonas Jluorescens. The second cluster included Burkholderia pickettii and Burkholderia phntarii. The third cluster, which was a deeply branching cluster in the stem of gram-negative bacteria, included Brevundimonas diminuta and Brevundimonas vesicuhris. Despite the different levels of conservation of the N-terminal sequences of ribosomal protein families (the highest level of similarity was 74% for L27 proteins and the lowest level of similarity was 42% for L30 proteins), similar phylogenetic trees were constructed by using data obtained from sequence analyses of various ribosomal protein families, including the S20, S21, L27, L29, L31, L32, and L33 protein families. Thus, I demonstrated the efficacy of ribosomal protein analysis in bacterial taxonomy.
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The Pseudomonadaceae is a very large and important family of gram-negative bacteria and includes the genera Pseudomonus, Xanthomonas, Zoogloea, and Frateuria (19, 20) . The genus Pseudomonas, a genus which is one of the most complex groups of gram-negative bacteria known and which is phenotypically similar to many other genera, is particularly interesting because Pseudomonas strains not only are medically important as opportunistic pathogens that cause disease in animals and humans (reviewed by Palleroni [21] ) but also are agriculturally important as phytopathogens (reviewed by Schroth et al. [25] ). The genus Pseudomonas as defined in Bergey's Mannual of Systematic Bacteriology (19) is an aggregate of gram-negative bacteria which share many gross phenotypic similarities that do not necessarily correlate with the true phylogenetic relationships of the organisms; it has been recognized that the members of this taxon belong to several genera and cannot be considered members of a single genus. A limited number of strains have been used to show that the genus Pseudomonas can be divided into at least five distinct groups on the basis of rRNA-DNA hybridization data, and some of these groups are as distantly related to each other as they are to Escherichia coli (23) . The subdivision of the genus Pseudomonas into five rRNA similarity groups has been confirmed in many laboratories by using modified rRNA-DNA hybridization techniques, rRNA sequencing, and biochemical techniques involving analysis of cell wall components or determination of biosynthetic pathways and their regulatory mechanisms (3-5, 26, 27, 31, 32, 39) . It is now recognized that the genus Pseudomonas sensu stricto should be restricted to rRNA group I, which contains the type species, Pseudomonas aeruginosa. Consequently, the members of rRNA groups other than group I have been placed in other genera or in newly created genera; these genera include Stenotrophomonas (22) , Comamonas (30) , Acidovorax (34) , Hydrogenophaga (33) , Sphingomonas (41), Burkholderia (40) , Telluria (2), and the recently proposed genus Brevundimonas (26) .
During the last few years I have developed a novel method to identify and classify actinomycetes. This method depends on the electrophoretic heterogeneity of the ribosomal AT-L30 proteins of actinomycete genera (10) (11) (12) 18) . N-terminal amino acid sequencing of the AT-L30 proteins has also been used successfully to determine the taxonomic status of various actinomycete genera (14) (15) (16) (17) . Moreover, amino acid sequence homology among L30 proteins (which are homologous to actinomycete AT-L30 proteins) obtained from other bacteria has been a useful standard for classification at the genus level (13) . The aims of this study were (i) to use ribosomal protein sequencing as an additional approach for taxonomic analysis of heterogeneous bacterial groups and (ii) to evaluate by comparative sequencing different proteins from the same strains to determine which proteins might be most useful as alternatives to RNA data in phylogenetic analyses. . Almost all of these strains were type strains that were obtained from the Japan Collection of Microorganisms, Wako, Saitama, Japan, and the American Type Culture Collection, Rockville, Md. Burkholderia plantarii (formerly Pseudomonasplantan'i) is a new species that was recently isolated from rice seedlings (1). The strains were grown to the mid-exponential phase in soluble starch-Polypeptone-yeast extract medium (1 1).
MATERIALS AND METHODS
Two-dimensional PAGE. The method used for two-dimensional polyacrylamide gel electrophoresis (PAGE) has been described in detail previously (lo). The protein spots corresponding to S20, S21, L24, L27, L29, L30, L31, L32, and L33 proteins were identified after each slab gel had been subjected to blotting by dry electrophoresis and staining with Coomassie blue, as described previously Determination of amino acid sequence. An amino acid sequence analysis of each ribosomal protein was performed as described by Ochi and Miyadoh (17) , using a model 470A protein sequencer (Applied Biosystems). The method which I used was based on the Edman degradation, and determination of a maximum of 25 N-terminal amino acids was possible when about 100 pmol of ribosomal protein preparation was used. In E. coli the L30 protein consists of 58 amino acid residues. The 25 N-terminal amino acids, therefore, represent nearly one-half of the whole L30 protein, assuming that the L30 proteins of E. coli and Pseudomonas species are the same.
RESULTS
Amino acid sequences of L30 proteins. I first analyzed L30 proteins obtained from members of the genus Pseudornonas and related genera and from selected gram-positive bacteria for reference purposes (Fig. 1) . To express quantitatively the levels of similarity of the amino acid sequences, I determined the frequency of appearance of each amino acid in the 25 N-terminal amino acids of each L30 protein and compared the sequences ( Table 1) . (Deletions were weighted in the level of similarity calculations, but nondetermined positions were not.) As shown in Fig. 1 and Table 1 , it is apparent that the eight Pseudomonas species which I studied can be placed in three clusters. On the basis of the levels of similarity of the amino acid sequences, I constructed a dendrogram (Fig. 2) . On this tree, the first cluster contained P. aeruginosa, P. putida, P. mendocina, and P. fluorescens; the second cluster contained Burkholderia pickettii and Burkholderia plantarii; and the third cluster contained Brevundimonas diminuta and Brevundimonas vesicularis. Strikingly, this classification was entirely consistent with the results of rRNA-DNA homology and rRNA sequenc- 95  70  86  59  59  28  28  45  47  17  18  27  17   75  81  71  59  47  47  59  47  47  82  33  28  26  28  28  33  28  28  18  35  68  41  41  43  50  50  42  32  47  42  40  53  41  33  22  52  17  22  17  33  33  26  21  43  36  18  23  17  33  33  28  21  45  43  81  23  23  27  11  22  11  16  43  29  43  43  17  17  17  33  33  21  16  39  36  81  71  43 a The levels of sequence similarity for 25 N-terminal amino acids of the L30 proteins were determined by using the data shown in Fig. 1 . Positions that were not determined were not weighted in the calculations. Clustering based on L30 protein amino acid sequence similarity values. The dendrogram was constructed by using the data in Fig. 1 and Table 1. ing studies performed previously by other researchers (4, 23, 26, 39, 40) . Within each of the clusters, the levels sequence homology were more than 70%, whereas the levels of sequence homology between clusters were less than 50%. In particular, the third cluster, which contained Brevundimonas diminuta and Brevundimonas vesicularis, was even more distantly related to the Pseudomonas cluster than it was to E. coli or F. gleum (Fig. 
Amino acid sequences of other ribosomal protein families.
Bacterial ribosomes consist of three species of RNA (5S, 16S, and 23s RNA) and more than 50 species of ribosomal proteins, which form 30s and 50s subunits in whole (70s) ribosome units (reviewed in references 9, 29, 35, and 36). I analyzed various families of ribosomal proteins prepared from large (50s) and small (30s) subunits. The results of sequence analyses of ribosomal protein families S20 (identical to L26), S21, L24, L27, L29, L31, L32, and L33 are shown in Fig. 3 and 4. (The prefixes L and S indicate that ribosomal proteins are from large [5OS] and small [3OS] subunits, respectively; in this paper, I use the same number that is used for the equivalent E. coli ribosomal protein.) I found considerable differences in the levels of conservation among the ribosomal protein families. The average levels of amino acid sequence similarity obtained for every combination of Pseudomonas species tested were as follows (in order of conservation); L27, 74%; L32, 64%; S20, 2). 55%; L33,53%; S21,53%; L29,52%; L31,49%; and L30,42%. The L30 proteins exhibited the lowest level of conservation observed among the ribosomal protein families examined. On the basis of the data in Fig. 3 and 4, dendrograms were constructed (Fig. 5) . Interestingly, despite the considerable differences in the levels of conservation, similar branching orders were obtained, except that the phylogenetic position of E. coli as determined by the L30 or L32 analysis was somewhat different from the position based on other ribosomal protein analyses. P. aeruginosa and P. mendocina were always relatively closely related to E. coli, while Brevundimonas diminuta and Brevundimonas vesicularis were always very distantly related to members of the genera Pseudomonas and Burkholderia (Fig.   5) .
DISCUSSION
Although only a limited number of species and strains were used in this study, one of my major conclusions is that my data do not contradict former data and former conclusions (4, 19, 26, 39, 40) . It is evident from Fig. 2 that the second cluster, which contains Burkholderia picketii and Burkholderia plantarii (which correspond to rRNA group I1 of Palleroni et al. [23] ), and the third cluster, which contains Brevundimonas diminuta and Brevundimonas vesicularis (which correspond to rRNA group IV), should be assigned to new genera that are distinct from the genus Pseudomonas sensu stricto. Thus, despite the entirely different approaches used by workers in different laboratories, the same conclusion was reached. As discussed previously in dealing with taxonomy of the genera Bacillus, Escherichia, and Staphylococcus (13) , L30 protein analyses appear to be useful for studying the taxonomy of not only actinomycetes but also other bacteria. The sharp separation of grampositive bacteria from gram-negative bacteria on my phylogenetic tree (Fig. 2) supports the efficacy of ribosomal protein analysis for bacterial taxonomy. Taxonomists argue about the species concept and the genus concept in bacteria. My finding that even the genus Pseudomonas sensu stricto is heterogeneous is important. This fact has been overlooked by many microbiologists who are not interested in taxonomy. In a previous study I demonstrated that T. vulgaris and Thermoactinomyces thalpophilus, whose classification at the species level has been confused, could be clearly distinguished by a difference in their L30 amino acid sequences (13) . Among the members of the genus Pseudomonas, P. aeruginosa, the type species of the genus, is the most sharply defined species and one of the easiest species to identify. In contrast, P. fluorescens is a remarkably heterogeneous species that can be subdivided on the basis of various taxonomic criteria into subspecies or biotypes or biovars. Likewise, proper taxonomic placement of some P. putida strains is still an open question. The members of the genus Pseudomonas which I examined had different amino acid sequences (Fig. 1) . Since a level of L30 amino acid sequence homology of 100% has been detected in various Streptomyces species (16), the level of homology (100% or < 100%) might be used to differentiate organisms at the species level. Therefore, sequence analyses of L30 proteins may be useful for demonstrating that some P. fluorescens strains or P. putida strains are equivalent to separate species.
Ribosomes and their components have provided an excellent tool for studying the evolution of organisms, since they are essential components of all cells. Since proteins are composed of 20 different amino acids, whereas RNAs consist of only four bases, evolutionary relationships may be traced more easily by comparing ribosomal protein sequences (38) . In E. coli, ribosomes contain 55 species of proteins, and all of the primary structures of these proteins are known (8, 37) . By comparing the ribosomal proteins from E. coli and Bacillus stearothermophilus, Wittmann-Liebold et al. (38) found that the levels of similarity between equivalent proteins range, depending on the protein pair, from 20 to 76%. High levels of sequence similarity were obtained for the S12 and L2 proteins, and the S13 and S19 proteins were less similar, implying that these proteins are functionally significant in protein synthesis. A high level of conservation of protein L2 was also demonstrated by an immunological method (28) . In this study I also observed different levels of conservation for the N-terminal sequences of ribosomal protein families; the highest level of similarity was 74% for L27 proteins, and the lowest level of similarity was 42% for L30 proteins. As calculated by Wittmann-Liebold et al. (38) , the levels of L30 protein sequence similarity between the archaebacterium Halobacterium marismortui and the bacteria E. coli and Bacillus stearothemophilus were as low as 25 and 23%, respectively. My results, together with the results of Wittmann-Liebold et al. (38) , may be taken as an indication that the function of the L30 proteins in protein synthesis is not significant and may reflect the previous observation (11) that, unlike the common bacteria having a constant relative electrophoretic mobility of 70 (see above), actinomycete genera exhibit considerable AT-L30 protein electrophoretic heterogeneity, with relative electrophoretic mobility values ranging from -6 to 100. However, it should be stressed that despite the low level of conservation the phylogenetic branching order of the tree based on levels of L30 protein sequence similarity (Fig. 2) was essentially the same as the branching order based on other ribosomal protein data (Fig. 5) . Likewise, as demonstrated by Wittmann-Liebold et al. (38) , phylogenetic trees based on data for families of ribosomal proteins (S11, L12, and L2) obtained from various sources, such as eubacteria, archaebacteria, and eucaryotes, exhibit the same branching order observed in trees based on data for all ribosomal protein families examined so far. It is especially noteworthy that although the numbers of variable positions in the ribosomal protein sequences of the protein families were less than 25, similar phylogenetic trees were constructed from my data for the various ribosomal protein families examined. Several hundred variable positions are routinely compared in 16s rRNA sequencing analyses. The rather low number of variable positions used in my amino acid sequencing analyses may not be sufficient to accurately reflect phylogenetic relationships. However, the facts described above verify the efficacy of ribosomal protein sequence analysis, used in conjunction with rRNA sequence analysis, for phylogenetic investigation of microorganisms. In particular, as demonstrated in this study, L30 proteins may be useful compounds since the amounts of L30 proteins are rather large and separation of the L30 proteins from other ribosomal proteins by two-dimensional PAGE is sharp.
